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Abstract 

Background: This paper is based on the studies of the biogeochemical structure of the water column in the anoxic 
Fjord Hunnbunn (south-eastern Norway) performed in 2009, 2011 and 2012. This Fjord is an enclosed basin of 
brackish water separated by a narrow and shallow outlet to the sea with a permanently anoxic layer. We show how 
an oxygenated intrusion could lead to both positive and negative effects on the ecosystem state in Hunnbunn due 
to a change in the biogeochemical structure. 

Results: During the stratified periods in 2009 and 2012 the anoxic layer amounted to approximately 10% of the 
total water volume in the Fjord, while dissolved oxygen (DO) was present in 80-90% of the water. In the autumn of 
201 1 the water chemistry structure observed in Fjord Hunnbunn was clearly affected by a recent oxygenated intrusion 
defined by abnormal salinity patterns. This led to a shift of the DO boundary position to shallower depths, resulting in a 
thicker anoxic layer comprising approximately 40% of the total water volume, with DO present only in approximately 
60% of the water. The oxygenated water intrusions led to a twofold decrease of the concentrations of hydrogen 
sulphide, ammonia, phosphate and silicate in the deep layers with a simultaneous increase of these nutrients and a 
decrease of the pH level in the surface layers. The concentrations of manganese, iron, and mercury species changed 
dramatically and in particular revealed a significant supply of iron and methylmercury to the water column. 

Conclusions: Oxic water intrusions into anoxic fjords could lead not only to the flushing of the bottom anoxia, but to a 
dispersal of sulphidic and low oxygen conditions to the larger bottom area. The elevation of the hydrogen sulphide to 
the shallower layers (that can be rapidly oxidized) is accompanied by the appearance in the subsurface water of 
methylmercury, which is easily accumulated by organisms and can be transported to the surrounding waters, affecting 
the ecosystem over a larger area. 
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Background 

Coastal marine systems, including estuaries, are not only 
important habitats for diverse marine animal life, but 
also a significant source of food for humans. Changing 
coastal marine ecosystems could therefore have a drastic 
impact on both animal and human life. Factors that are 
thought to stress the marine environment include de- 
oxygenation, acidification and ocean warming [1], Oxygen 
depletion is shown to be a serious environmental issue in 
the oceans [2], in river-estuarine systems [3] and in 
coastal zones throughout the world [4,5]. Improving our 
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understanding of the effects of the decrease of oxygen 
on biogeochemical processes and ecological state in the 
coastal areas is very important for evaluating risks and 
planning human activity there. 

Since the 1960s, areas of hypoxia (less than 30% of 
oxygen saturation) in coastal zones have increased expo- 
nentially [4]. This is shown to be mainly caused by an 
increase of algae production in the surface waters due to 
eutrophication following increased inputs of nutrients 
from human activities. This resulting accumulation of 
organic matter in deeper waters and consumption of dis- 
solved oxygen (DO) due to respiration, and high levels 
of stratification have led to the formation of hypoxic 
zones [4]. Studies suggest that hypoxia in the future will 
increase in extent, frequency and intensity in coastal 
areas [6]. 
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Depletion of oxygen in coastal zones inevitably leads 
to biological impacts ranging from altered microbial ac- 
tivity (e.g. enhanced de-nitrification and sulphate reduc- 
tion) to whole community displacements (e.g. loss of 
fisheries, invasion of displaced species into new habitats) 
[5]. Fluxes of contaminants, such as mercury (Hg), can 
vary due to redox changes, formation of metal sulphides 
and methylation of Hg under suboxic conditions [7]. 
This can significantly affect the water quality in connec- 
tion with oxygen depletion. Decrease of oxygen and pH 
as well as the appearance in the water of the toxic and 
bioaccumulative form of Hg, methylmercury (MeHg 
[8]), may cause multiple stress impacts on biota. Hence, 
formation of hypoxia is a threat to healthy coastal eco- 
systems and thereby a direct danger to human health 
and economic welfare (i.e. fish kills) in coastal societies. 

Mercury appears in the oxic surface waters of the 
oceans at low levels (sub ng/L), but can be elevated at 
the top of the food chain due to methylation of inor- 
ganic Hg into MeHg [9]. Even though marine seafood is 
considered the main source of human MeHg exposure 
[10,11] most research to date has focused on Hg methyla- 
tion processes in freshwater systems. During oxygen de- 
pletion MeHg can be formed under suboxic and anoxic 
conditions in the sediments [12] and water column [7,13]. 
The fate of this MeHg, and its availability and exchange 
with surrounding waters, warrants further investigation. 

Fjords and inshore waters are especially sensitive to 
the processes of hypoxia because of the restricted ex- 
change with the sea [14]. Stratification due to the input 
of low density fresh water and topographic restrictions 
extends the residence time of bottom water and pre- 
vents aeration. In Norway, temporary anoxia occurs in 
areas of Oslofjorden [15] and permanent anoxia is 
found in Framvaren, Drammensfjord, Baerumsbassen- 
get, Hunnbunn and Kyllaren [16-18]. 

Global change affects oxygenation events occurring 
during the cold periods of the year. Cold winters lead to 
an annual intensive oxygenation that prevents accumula- 
tion of large amounts of hydrogen sulphide (H 2 S) in the 
bottom layers. However, warm winters restrict the possi- 
bility of regular seasonal flushing, and H 2 S can accumu- 
late in large concentrations. If a cold winter occurs after 
a series of warm winters, a "large scale" flushing can lead 
to the sudden appearance of large amount of H 2 S at the 
surface. Such events were observed in several Norwegian 
anoxic fjords in the winter of 2009/10 [19]. An extreme 
example of this is the flushing of the Fjord Framvaren 
which took place during the cold winter of 1941/42. A 
deep water renewal caused seawater with high levels of 
sulphide to be trapped underneath the ice cap of the 
fjord, leading to a complete fish kill [17]. 

The biogeochemical structure of redox zones in the 
water column of marine anoxic basins is characterized 



by an absence of overlap between DO and H 2 S and a 
presence of a so-called suboxic zone, formally defined 
as a layer where the concentration of both DO and H 2 S 
are below detection limits [20,21]. Under stable condi- 
tions, oxygen disappears at a depth where ammonia and 
dissolved manganese (II) are already observed, while 
H 2 S appears in deeper layers. In the redox zone reduced 
and oxidized forms of several elements (Nitrogen, N; 
Sulphur, S; Carbon, C; Manganese, Mn; Iron, Fe) can be 
observed, which reflects the complexity of processes oc- 
curring in this zone. As previously shown [22-25], Mn 
species have a dominating role in formation of the redox 
layer biogeochemical structure. The Mn species demon- 
strate clear transformation between different oxidation 
states, including Mn(II), Mn(III) and Mn(IV). The differ- 
ent states can form dissolved, particulate and colloidal 
compounds with an oxidizing capacity. Additionally, the 
distribution of manganese and iron species are a good 
indicator of changing redox conditions [23,24]. 

Processes occurring in changeable redox conditions 
can lead to dramatic consequences, i.e. the appearance 
of toxic H 2 S and alterations in the cycles of heavy 
metals, in particular leading to the formation of MeHg. 
In this study we examined the changes in the biogeo- 
chemical structure of the water column in the perman- 
ently anoxic fjord Hunnbunn during a period of water 
column stratification and after an intrusion connected 
with seasonal mixing. We have specifically focused on 
distributions of DO, H 2 S, and Mn, Fe, Hg species to 
study the effects on the fjords aquatic environment 
caused by a change in the hydrophysical patterns of the 
water column. 

Results and discussion 

Hydrophysical structure 

The vertical structure of Hunnbunn showed a stable hydro- 
physical and biogeochemical state in 2009 (Figure 1A) and 
2012 (Figure 1C), illustrated as the stratification period in 
Figure 2A. In 2011 the vertical structure showed unstable 
patterns (Figure IB), illustrated as the mixing period in 
Figure 2C. 

In both 2009 and 2012 the temperature profiles show 
warm (around 19.0°C) and unchanged temperatures in 
the top 3-4 m. Deeper than 4 m the temperature de- 
creased in both years towards the minimum of 7-9°C 
(Figure 1A, C). In the autumn of 2011 (Figure IB), 
profiles show temperature increasing from the surface 
(<10°C) to around 4 m depth (14.5°C) followed by a 
decrease towards the bottom (5°C). 

In all the studied periods (2009, 2011 and 2012) there 
was a significant difference between the top layer of 
dilute brackish water (<10 PSU) and the bottom waters of 
higher salinity (approximately 30 PSU) with the halocline 
positioned at depths of 3 - 4 m (Figure A-C). The levels 
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Figure 1 Vertical distributions of temperature, salinity, turbidity density (a e ), DO, H 2 S, phosphate, silicate, nitrate, nitrite, ammonia, 
dissolved Mn, particulate Mn, dissolved Fe(ll), dissolved Fe(lll), TotHg and MeHg in the Fjord Hunnbunn water column in August 2009 
(A), October 201 1 (B) and August 2012 (C). 



of salinity documented in the present study are similar to 
what is found in previous studies of the Hunnbunn fjord 
system [26]. 

On a more detailed scale the salinity pattern (Figure 2E; 
inset) from 2011 reveals a well pronounced minimum 
(about 0.1 PSU) at the depth of 7.5 m. We hypothesize that 
this minimum of salinity can be explained by a low saline 
water intrusion at this depth, transported to the fjord from 



the surrounding waters. At a station 1-1 positioned about 
10 nautical miles outside the Fjord Hunnbunn mouth we 
observed a decrease of salinity with a minimum about two 
weeks before the sampling (Figure 3). Simultaneously, there 
was a decrease in temperature and an increase in density 
(Figure 3). This means that the water in the upper 2 m layer 
that was involved in an exchange with the Fjord Hunnbunn 
system became denser (the first time after the summer 
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Figure 2 A scheme of the sulphidic (solid blue fill), the oxic (white fill) and the low-sulphidic/suboxic (blue pattern fill) layers position 
the Fjord Hunnbunn before (A), during (B) and after (C) intrusion and observed vertical distributions of salinity, DO, H 2 S and Hg 
species in August 2012 (D) and October 2011 (E). 



period, Figure 3) than the surface fjords water and should 
be transported into the deeper layers. This cold, low saline 
and oxygen rich water will affect the fjords biogeochemical 
structure. 

The water column depth profiles from 2009 and 2012 
(Figure 1A, C) demonstrate that the inflowing tide water 
does not penetrate into the deep layers of the Fjord wa- 
ters. In these two profiles there are clear indications of a 
stable stratification (as shown by temperature, salinity, 
DO and H 2 S profiles). But when the tidal water gets 
cold and dense enough it penetrates into deeper waters 
(Figure IB) and causes a mixing event. 

The hydrophysical stability of the stratification periods 
in 2009 and 2012 is confirmed also by the turbidity pro- 
files (Figure 1A, C). Both these years are characterised 
by the presence of turbidity maxima in the suboxic zone 
just above the appearance of H 2 S (6-7 m depth). This 
so-called Nepheloid Redox Layer (NRL) is observed in 
anoxic basins and caused mainly by particulate manga- 
nese and iron oxides and organic carbon compounds 
[23,27]. In 2011 the NRL was absent (Figure IB). 



Dissolved oxygen and hydrogen sulfide 

During the stratified periods (2009 and 2012) DO con- 
centrations (Figure 1A, C) were high in the upper layers 
of the water column (0 - 5 m), but negligible at deeper 
levels (5-6 m). Both in May and August 2009 DO con- 
centration reached more than 400 \iM at a depth of 3- 
4 m, corresponding to a saturation value of about 200% 
[18]. In 2011, DO was only present in the upper 3 m of 
the water column (Figure 1C) where it never exceeded 
200 [iM. 

In all three years of observations there were no overlap 
between DO and H 2 S (Figure 1A-C). A maximum thick- 
ness of the suboxic layer, a layer with both DO and H 2 S 
concentrations below the detection limits (i.e. 1 (iM for 
DO and 0.3 \iM for H 2 S), was 2 m in 2012. In 2009 and 
2011 the suboxic layer was less than 30 cm, and in the 
neighbouring sample depths we observed either DO or 
H 2 S. 

In 2009 and 2012 H 2 S was first detected at 6.5 and 
7 m, and increased to 400 \iM at 7 and 8 m respectively. 
The maximum concentrations were found in the bottom 
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Figure 3 Observed temporal variability of salinity (PSU; top), temperature, (°C; middle) and density, (kg/m 3 ; bottom) in the water 
column at the monitoring station 1-1 about 10 nm outside the Hunnbunn mouth (data from NIVA). The green vertical lines mark the 
sampling date. 



layer (10 m; 670 \iM). In 2011 H 2 S was detected already 
at 4 m, and had uniform concentrations (not exceeded 
40 \iM) in the layer from 4 to 6.5 m. The near bottom 
maximum concentration reached 330 |iM. 

The oxygenated zone corresponded to 87, 59 and 82% 
of the total water volume of the Fjord Hunnbunn in 
2009, 2011 and 2012 respectively (Table 1). The anoxic 
zones followed the opposite pattern and reached 13, 41 
and 9% respectively. A significant suboxic zone amounted 
to 9% of total water volume only in 2012. 



Table 1 Calculation results of elements content in total 
water volume of the Hunnbunn Fjord in studied years 



Parameter 


2009 


2011 


2012 


Oxic zone, % 


87 


59 


82 


Anoxic zone, % 


13 


41 


9 


Suboxic zone, % 


0 


0 


9 


TotHg, g 




31.1 


31.6 


MeHg, g 




11.9 


1.7 


MeHg^otHg > 20 %, % 




40 


<1 



pH and nutrient availability 

pH was measured in 2011 (the mixing period) and in 
2012 (stratified period). In 2012 pH was significantly dif- 
ferent in the top layers compared to the deeper waters. 
From 1 - 4.5 m the pH slowly decreased from 8.5 to 7.9. 
Deeper than 5 m pH was always < 7.6. In 2011 pH levels 
were more stable throughout the water column, varying 
from 7.7 in the upper layer to 7.3 in the bottom waters. 

During the stratified period in 2009 concentrations of 
phosphate, silicate and ammonia in the surface 0-5- m 
layer were low and did not exceed 0.3, 14 and 1.3 |iM, 
respectively. From 5 m depth a sharp increase in their 
concentrations was observed. Phosphate, silicate and 
ammonia reached respectively 60, 250, and 400 [iM at 
10 m depth (Figure 1A). After the mixing event in 2011, 
the distributions of phosphate, silicate and ammonia were 
of irregular character in the upper layers (Figure IB). In 
the upper 5 m layer their concentrations increased up to 
20 times in comparison with 2009 and reached 6, 36 
and 14 \iM respectively. Deeper than 5 m their concen- 
trations gradually increased to the bottom, but amounted 
to only half the values measured in 2009. In 2012 
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nutrient distributions were similar to those of 2009, but 
a sharp increase in concentrations started deeper, from 
approximately 7 m depth (Figure 1C). The maximum 
values of silicate and ammonia returned to the values 
before intrusion, while phosphate concentrations in 
deep layers were remained practically unchanged dur- 
ing the following year. 

Manganese and iron species distributions 

In all three study years an increase of dissolved Mn con- 
centrations started in the oxic zone (about 50 uM of 
oxygen) and its maximum (11, 3.7 and 5.4 \iM in 2009, 

2011 and 2012, respectively) was observed in the begin- 
ning of the sulphide zone at about 7 m, followed by its 
decrease to the bottom (6, 2.2 and 2.7 uM, respectively) 
(Figure 1). Increased dissolved Fe(II) concentrations were 
observed deeper than for dissolved Mn, at depths where 
oxygen was absent and H 2 S was present. Maximum ob- 
served Fe(II) concentrations at 7 m reached 1.4, 4.6 and 
1.2 \iM in 2009, 2011 and 2012, respectively. In 2011 (after 
the mixing) dissolved Fe species distribution showed, as 
for nutrients, irregular character from the surface to 5 m 
depth with high concentrations of up to 0.5 and 2.4 uM 
for Fe(III) and Fe(II), respectively (Figure IB). 

In 2009, a maximum of particulate Mn of 11 \iM was 
positioned at the redox interface, just above the dissolved 
Mn maximum (Figure 1A). In 2011 it decreased 10 times 
and moved deeper, below the dissolved Mn maximum. In 

2012 concentrations of particulate Mn gradually increased 
from 5 m depth to the bottom (Figure 1C). 

The Mn species distributions at the redox interface in 
the Hunnbunn in 2009 were typical to those in other 
anoxic basins in the stable state. 

The same character of irregularities in Fe and Mn spe- 
cies distribution as in the Hunnbunn in 2011 has been 
observed in the redox zones of the Black and Baltic Seas 
following oxygen intrusions into the anoxic zone 
[23,28,29]. If these intrusions led to total disappearance 
of H 2 S, dissolved Fe(II) also disappeared at this depth, 
dissolved Mn(II) decreased to small values (sometimes 
below the detection limit), and a maxima of particulate 
Mn(IV) and dissolved Mn(III) were formed. Over a short 
period after the intrusion the distributions of DO, H 2 S 
and Fe return to their initial states, but the distribution 
of Mn species has an irregular character for a longer 
time [23]. 

In the case of the Fjord Hunnbunn the behaviour of 
Mn species is typical for an intrusion event, i.e.a dissa- 
pearence in 2011 of particulate Mn at the redox inter- 
face, formation of particulate Mn maximum at the 
intrusion depth with simultaneous decreas of Mn(II). 
Absence of particulate Mn maxima in the redox inter- 
face in 2012 indicate that Mn species distribution did 
not returned yet to the equilibrium state. 



Distribution of dissolved Fe(II) and Fe(III) in 2009 and 
2012 are similar to those observed in stable redox zones 
in other sites [23-25,29]. An increase of Fe(II) concentra- 
tion after intrusion is most likely caused by dissolution 
of particulate iron sulphides under twofold decrease of 
H 2 S concentration. When the concentration of H 2 S 
returned to the level observed before intrusion, the con- 
centration of dissolved Fe(II) decreased again. This is 
closed to observed previously in Norwegian fjords and 
correspond thermodynamical calculations. 

Mercury processes 

The profile measurements from 2011 showed that TotHg 
concentrations varied between 1.3 and 1.7 ng/L from sur- 
face down to 4 m (Figure IB, 2E). Then concentrations in- 
creased to 3.4 - 4.4 ng/L at 5 m, and the maximum 
concentration of 6.4 ng/L were found at 7 m depth. MeHg 
concentrations increased regularly from the surface layer 
(0.04 ng/L) to the bottom (5.22 ng/L), corresponding to 
2.1 - 99.4% of TotHg (Figure IB). 

In 2012 the TotHg concentrations showed a similar pat- 
tern as in 2011 between 3.5 and 6 m depth, with concen- 
trations increasing from 0.6 to 2.5 ng/L. The maximum 
of 9.4 ng/L were found at 8 m depth (Figure 1C, 2D). In 
2012 TotHg levels were also relatively high at 3 m 
depth (3.9 ng/L) compared to 2011 (1.3 ng/L). MeHg 
concentrations in 2012 were generally lower than in 
2011 between 3 and 8 m depth (<0.5 ng/L), but an 
increase occurred at 10 m (7.0 ng/L) where MeHg 
constituted 95% of TotHg. 

The levels of TotHg are similar to that found in other 
water basins with no local mercury input [30] but lower 
than in contaminated sites [31]. Our upper layer water 
measurements of MeHg revealed concentrations similar 
to what is found in oxic surface waters [32,33]. However, 
the concentrations of MeHg found in deeper layers were 
significantly higher than what is observed even in con- 
taminated sites [31]. MeHg/ TotHg ratios in water col- 
umn could vary up to about 10% in maxima [13,30] and 
never was found so high that those were observed in 
Hunnbunn in 2011. 

The highest concentrations of MeHg (and MeHg/TotHg 
ratios) were found in the deepest layers of the Hunnbunn 
in both periods (stratified and after mixing), that testify to 
MeHg production in the sediments [12,34]. Meanwhile in 
some other sites the highest MeHg/TotHg ratio is found 
in the top of the suboxic zone, where DO and sulphide are 
low, circumstantially suggesting that production of MeHg 
is controlled by sulphide speciation [7,30] or in other sites 
MeHg is produced in the sediments [12,34]. Since we did 
not find maximum MeHg concentrations in the suboxic 
layer, but rather found MeHg concentrations to increase 
toward the sediments, we conclude that the main MeHg 
source in Hunnbunn is likely the sediments rather than 
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the water column. In addition to sediment production, the 
water column profile of 2012 could also indicate that the 
bottom water acts as a sink for MeHg. Injection of MeHg 
along with the oxygenated intruding water coincides with 
the profile observed in 2011. Following this hypothesis, 
the profile in 2012 suggests that the anoxic bottom waters 
are a sink for MeHg, because concentrations of MeHg 
increase towards the bottom (Figure 1C). 

The distribution of the Hg species in 2012 approxi- 
mates those observed in marine environment [13,30], 
and we suppose that these are characteristic for the 
Hunnbunn stable state and those for 2011 are coused by 
intrusion event. 

In 2011, 31.1 g of TotHg were present in the whole 
water mass of the Hunnbunn. This changed very little 
the next year; in 2012, 31.6 g of TotHg were present. 
For MeHg the situation is different. In 2011, 11.9 g of 
MeHg was present in the fjord Hunnbunn (approxi- 
mately 38% of the total). In 2012 however, only 1.7 g of 
MeHg was present (approximately 5%). In the stratified 
period (2012) MeHg/TotHg ratios exceeding 20% are 
present only below 10 m depth, or in less than 1% of the 
total water masses. After mixing, MeHg/TotHg ratios 
higher than 20% were present already at 4.3 m depth, 
corresponding to approximately 40% of the water masses. 

The above calculations of integrated concentrations of 
TotHg and MeHg show that the amount of TotHg in 
the fjord is relatively stable over time. This indicates ei- 
ther that small amounts of Hg species are transported 
into and out of the fjord, or that the flux out of the fjord 
is equalized by the input sources around the fjord. 

The amount of MeHg in the whole water basin was 
substantially higher in 2011 than in 2012 (Table 1). This 
circumstantially suggests that more MeHg is in the basin 
when an intrusion happens. 

The increased concentrations of MeHg in the fjords 
water in 2011 can be explained by the following mecha- 
nisms: 1) MeHg was injected with the intrusion waters 

2) MeHg is transported to the water column via re- 
suspension of sediments during flushing/mixing [35,36]. 

3) MeHg diffuses into the water column from a larger 
area of the anoxic bottom, where MeHg was formed 
after the intrusion due to sulphate reduction and dissol- 
ution of Fe and Mn oxyhydr oxides, and formation of 
sulphides [31,37,38], or 4) MeHg was formed in the 
water column under low hydrogen sulphide (or suboxic) 
conditions as a result of the intrusion. 

We suppose that the mechanism (1) is not relevant, 
because, it is unlikely that the oxygenated water intrud- 
ing into the fjord had MeHg concentrations as high as 
what we observed in the profile (approximately 2 ng/L). 
The water intruding into the fjord is evidently oxic and 
must be considered surface water. Surface waters of 
Norwegian fjords (and open sea water) do not have 



concentrations of MeHg this high.Mechanism (2) is not 
relevant either, because the bottom sediment re-suspension 
under anoxic conditions should lead to an increase in the 
concentrations of Mn, Fe and phosphorous in the bottom 
layer [39]. But in 2011 we observed a decrease of Mn, Fe 
and phosphorous concentrations toward the bottom layers 
(Figure IB). 

More likely our observations correspond to findings of 
[37]. The sediments, especially during anoxic events, 
should be considered as a primary source of MeHg for the 
water column supporting mechanism (3). We do not 
know the MeHg concentrations in the pore water or in 
the sediments, but if the concentrations in the pore water 
are elevated, diffusive transport of MeHg to the bottom 
water is likely [38]. 

The formation of MeHg in the water column at low 
hydrogen sulphide (or suboxic) conditions as a result of 
the intrusion (mechanism (4)) is also possible. However, 
previous studies have shown that the main production 
of MeHg (maximum MeHg concentrations) occur at the 
suboxic interface [13,30]. Due to our maximum concen- 
trations towards the bottom layers, we do think this is 
less likely than mechanism (3). 

Nevertheless in any case we obviously observe an in- 
crease of MeHg caused by an intrusion. This larger amount 
of MeHg affects a larger amount of water, with potentially 
severe effects on the ecosystem in Hunnbunn. 

The MeHg concentrations found in the bottom waters 
of enclosed, or partly enclosed basins will depend on the 
residence time of the water (i.e. how often one has intru- 
sions). Following this argument, the accumulated storage 
of MeHg in the bottom layers will be emptied during a 
renewal following an intrusion. After the intrusion, the 
accumulation of MeHg will continue. The environmental 
consequence is that the surface waters (and species 
living there; e.g. plankton, fish and shellfish) are exposed 
to increased concentrations of MeHg. This might occur 
in the Hunnbunn basin as well as outside the basin (i.e. 
the surrounding sea water). Following the hypothesis 
discussed in [37], the reversion to oxic conditions removes 
Hg species from the water column, most probably through 
precipitation and coprecipitation with Fe and Mn oxy- 
hydroxides that leads to a decrease of MeHg/TotHg ratio 
in the water column decreases from 100% to nearly 0. It is 
conceivable that some demethylation process is occurring 
in the water column and that Fe/Mn oxyhydroxides scav- 
enging of MeHg is more efficient than on Hg. 

Consequences of the intrusion 

In 2009 the distributions of all studied chemical parame- 
ters in the Hunnbunn were typical of those in other an- 
oxic basins [21,24,25]. This leads to the conclusion that 
the Hunnbunn biogeochemical system was in a stable 
state at that time. In 2011 the distributions of chemical 
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elements together with patterns of salinity abnormality 
indicated that an oxygenated water intrusion into the 
anoxic layer (at 7.5 m depth) took place sometime prior 
to sampling. The short term consequences of this intru- 
sion are: 

1. Shift of H 2 S boundary to a shallower depth that 
leads to a decrease of the oxic zone and an increase 
of the anoxic zone by about 30% of fjord water 
volume and dispersal of anoxia to the larger part of 
the bottom. For a small fjord like Hunnbunn this is 
a significant change which diminishes the water 
volumes suitable as a biological habitat with respect 
to pelagic life and bottom fauna. 

2. Concentrations of all the nutrients in the subsurface 
layer (3-5 m) increased by an order of magnitude 
and simultaneously the pH level decreased. Together 
these effects could lead to changes in the ecosystem 
state of the Fjord with shift of biological species and 
potentially enhance of primary production. 

3. Below the redox zone (below 5 m depth) 
concentrations of H 2 S and all nutrients decreased by 
a factor of two. 

4. MeHg absolute mass in the Fjords water volume 
increased up to an order of magnitude after the 
intrusion. Potentially, this form of Hg appeared in 
water depths shallow enough to be transported with 
currents from the fjord to surrounding waters. 
Whether this transport occurred or not, the 
availability of MeHg increased significantly. 

By about one year after the intrusion, the volume of 
the oxic zone in the fjord had returned to the level 
prior to the intrusion, while the H 2 S water volume had 
become even lower. The distribution of Fe, silicate and 
ammonia returned to initial (equilibrium) state but this 
did not happen for Mn and phosphate. It has been 
shown earlier [40] that different times are needed 
for redox processes for different elements. Besides, it 
depend on the bacterial community, since the reac- 
tions in natural waters are commonly mediated by bac- 
teria. For the sea water (the Black Sea) these reactions 
are very quick for Fe and much slower for Mn [22,24], 
Modelling experiments also showed that more time is 
needed for Mn species to return to initial stable state 
after intrusion (as much as two years compared to 
sulphide for the Gotland Deep conditions, [41]). MeHg 
concentration in water column decreased significantly 
next year together with redox conditions re-establishment. 
It seems that both oxic and high anoxic waters are a sink 
for MeHg and it could exist in very narrow redox condi- 
tions and could be demethylazed enough fast. The fate of 
the stability of MeHg in different water masses and condi- 
tions should be carefully studied. 



A sporadic or regular significant temporal decrease of 
the oxic zone volume and change of nutrient regime and 
pH level could result in a serious change of the ecosys- 
tem state. Historical data from Hunnbunn reveal that 
the oxygen conditions there were much better in the 
past. This is based on observations of oysters in the 19th 
century [26]. An intensive eutrophication period and an 
absence of periodic dredging after 1950s already led to 
changes in the surface layer ecosystem: disappearance of 
the oysters, decline of sea grass beds and the appearance 
of large amounts of green algae [26]. The latter results 
in formation of a water layer with very high oxygen con- 
centration during the bloom period. Extremely high 
super-saturation of oxygen at 2.5 m depth was measured 
in May 2009, with up to 250% super-saturation; the 
same phenomenon was also observed in August 2009 
[18]. Equally large super-saturation of oxygen was previ- 
ously observed in June 1999, but that year the super- 
saturation had disappeared about a month later [26,18]. 
Thus, the measurements in 2009 show a more enduring 
high primary production than in 1999, and this may in- 
dicate that the water quality has deteriorated over the 
last 10 years. 

The long term consequences of an intrusion could be 
that the volume of anoxic water and content of H 2 S in 
the water mass of the fjord decreases. Extent and dur- 
ation of this decrease depend on the intrusion intensity. 
In the Hunnbunn it seems that the system recovers rela- 
tively quickly because of high concentration of nutrients, 
metals and organic matter in the sediment that probably 
lead to substantial benthic fluxes. 

The most important long term consequence of oxic 
intrusion into the anoxic zone of Hunnbunn is the appear- 
ance of MeHg in a larger volume of the fjord water, includ- 
ing the pycnocline. MeHg is easily bioaccumulated by 
organisms which can be caught here or transported to the 
surrounding waters, thereby affecting the ecosystem state 
over a larger area and also human health. 

Experimental 

Study area 

Field studies were performed in the fjord Hunnbunn situ- 
ated in south east Norway (Figure 4; Table 2). Hunnbunn is 
a small (0.99 km 2 ) enclosed fjord connected to more open 
water (Singlefjord) through Thalbergsund, a long, narrow 
and shallow channel (1.8 km long; 30 - 125 m wide; 
1 - 1.5 m deep). The fjord basin has an average depth of 
5.2 m, with a maximum depth of 11 m. The total volume 
of water is 5150000 m 3 (Table 3). The catchment area 
(11 km 2 ) consists of mainly agriculture land (>90%) [18]. 

The fjord has only two small stream inlets. In combination 
with the narrow outlet these features make Hunnbunn a 
relatively isolated and permanently anoxic estuary. During 
transport through this narrow outlet (a 5 km long channel 
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with 2 m minimum depth and tidal velocity up to 100 cm/ 
sec), the incoming water homogenises and oxygenates the 
water. Previous studies reveal how the surface water in 
Hunnbunn is permanently brackish (<10 PSU) and bottom 
water salinity never exceeded 25 PSU throughout the year 
1999 [26]. Despite the shallow connection with Singlefjord, 
the horizontal currents through the channel are significant. 
The tide water amplitude is up to 45 cm and the currents 
can be as strong as 15 - 33 m 3 /s (tidal pump). The effect of 
freshwater input from streams (yearly average < 0.1 m 3 /s) on 
the water composition in Hunnbunn is therefore low com- 
pared to the tidal pump effect [18]. 

Sampling 

Distributions of chemical parameters in Hunnbunn were 
studied in May and August 2009, October 2011 and 

Table 2 General characteristics of the fjord Hunnbunn 

Characteristics Unit Specification 

Position UTM; (x, y) 

Fjord area km 2 

Catchment area km 2 

Average depth m 

Max depth m 

Coastal length km 



(275740.9, 6570035.7) 
0.985 
~ 11 
5.2 
11.0 
6.5 



August 2012. The sampling point was positioned at the 
deepest part of Hunnbunn (Figure 4). Water samples for 
chemical measurements were collected using pump 
systems. We used an on-board 12 V peristaltic pump, 
with an 11 mm hose attached to the CTD (conductivity- 
temperature-depth) probe on board a small boat. The 
time of the hose flushing was about 1 min for the 11-m 
hose used in the fjord. These pump systems allowed us 
to sample water protected from atmospheric oxygen. 
This is essential to avoid oxygen contamination in the 
suboxic water samples. In our studies we used the 
AANDERAA Optode 3835 sensor to measure oxygen 
concentrations in the hose during the sampling. 

Table 3 The total area and volume of water (absolute and 
relative) per depth metre in the Hunnbunn estuary 

Depth (m) Area (km 2 ) Volume (10 4 m 3 ) Volume (%) 



0 
2 
4 
6 
8 
10 
11 



0.99 
0.77 
0.57 
0.39 
0.25 
0.09 
< 0.01 



515 
337 
203 
107 
43 
10 
< 1 



100.0 
65.4 
39.4 
20.8 
8.3 
1.9 
< 0.1 
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Sampling in the suboxic layer was performed at 0.15 - 
1 m intervals, aiming to obtain closely spaced data for 
the distribution of the measured chemical parameters. 

Chemical analysis 

DO (Winkler), H 2 S, phosphate, silicate, nitrate, nitrite, am- 
monia, dissolved Mn, Fe(II) and Fe(III) were measured using 
standard methods described in [42,43]. Water samples for 
Fe and Mn species analysis were collected directly from hose 
to the plastic tubes for analysis both for total concentration 
(unfiltered samples) and for dissolved forms (filtered using 
a syringes Millipore 0.4 \im filters). Photometric deter- 
mination of metals concentration was conduct in 2-4 
hours after sampling. Concentration of particulate man- 
ganese was calculated by difference between unfiltered 
and filtered samples. Precision of dissolved metal ana- 
lysis was typically 3%. Detection limits were 20 and 100 
nM for iron and manganese, respectively [22,43]. 

pH (NBS scale) was measured with a pH-meter 
(Metrohm 780). 

Water samples for Hg species analysis were collected in 
250 ml fluorinated polyethylene (FLPE) bottles. Total Hg 
(TotHg) and MeHg were sampled in individual bottles to 
avoid errors caused by loss of Hg during preservation [44]. 
The analysis method for MeHg is based on USEPA Method 
1630 [45] for determining MeHg in water by distillation, 
aqueous ethylation, purge and trap, and cold vapor atomic 
fluorescence spectrometry (CVAFS). The method for TotHg 
is based on USEPA Method 1631 for determining Hg in 
water by oxidation, purge and trap and CVAFS [46]. The 
method detection limit is 0.02 ng/L and 0.1 ng/L (3 standard 
deviations of method blanks) for MeHg and TotHg, respect- 
ively. For both species automated systems were used for 
analysis (Brooks Rand Labs MERX automated systems 
with Model III AFS Detector). Due to low concentrations 
of particulate matter all samples were analysed unfiltered. 

Total mercury concentration calculations 

By comparing the values from Figure 4 (concentration 
of TotHg and MeHg at different depths) and Table 3 
(volume of water at different depths) we can calculate 
the approximately total amount of TotHg and MeHg 
present in the Hunnbunn water basin in 2011 and 2012. 
The calculations are based on a simple integration by 
choosing a concentration that represents the different 
depth areas in Table 2 (Because of the small water volume 
deeper than 11 m we have chosen to disregard this depth). 
In areas were more than one concentration value is avail- 
able we used the mean concentration. This concentration 
is then multiplied with the total volume of water to obtain 
an estimation of the total amount of TotHg and MeHg at 
different depths and in the total water mass. 

Since we tried to capture the transition from oxic to 
anoxic waters in as much detail as possible, not all depth 



areas are present with concentrations of the Hg species. 
For example, no measurement was done in the 8-10 m 
depth area in 2011 or in the 0-2 depth area in 2012. 
However, we have in these two situations done the fol- 
lowing: To represent the concentrations of TotHg and 
MeHg in the 8-10 m depth area in 2011 we used the 
mean concentrations of the 6.5 and 10.5 m depth measure- 
ments and we used half the concentrations in the 2-4 m 
depth area to represent the 0-2 m depth area in 2012. 

Conclusions 

Flushing events lead to positive and negative effects on 
the ecosystem state of the anoxic fjord Hunnbunn. The 
short time consequences are negative because larger 
water volume and bottom area became anoxic immedi- 
ately after intrusion. In addition, large amounts of nutri- 
ents appear in the subsurface layer in combination with 
a significant decrease of pH. This could possibly lead to 
changes in the ecosystem state of the fjord with a shift 
of biological species and enhanced primary production. 
In the case of Hunnbunn, a disappearance of oysters has 
been documented [26]. A positive long term conse- 
quence is that H 2 S and nutrient levels in the water mass 
decrease for a while after intrusion. Periodic flushing 
may therefore improve the state of the fjord ecosystem. 

The most important negative consequence, both short 
and long term, is that sporadic or regular flushing events 
in anoxic fjords like this lead to an appearance in the 
subsurface (quite shallow) water of MeHg. This com- 
pound is easily accumulated by organisms like fish and 
can be transported to the surrounding waters, thus affec- 
tingthe level of mercury in fish over a larger area. We 
hypothesize that during warm winters, coastal anoxic 
basins such as fjord Hunnbunn accumulate large 
amounts of H 2 S and MeHg, while during cold winters, 
flushing events transport mercury to the surrounding 
waters. The fate of the stability of MeHg in different water 
masses and conditions should be carefully studied. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

SP carried out sample collection, manganese and iron analyses, interpreted 
the results and drafted the manuscript. HFVB carried out mercury analyses 
and helped to draft the manuscript. EY carried out sample collection, 
inorganic geochemistry analyses (DO, H 2 S, pH, etc.) and helped to draft the 
manuscript. JS participated in the design of the study, sample collection and 
helped to draft the manuscript. All authors read and approved the final 
manuscript. 

Acknowledgements 

This work was supported by the Norwegian Institute for Water Research, 
Projects 28072, 29083, and NATO-RUSSIA COLLABORATIVE LINKAGE GRANT 
(Ref 984167). We are grateful to our colleagues from Norwegian Institute for 
Water Research (Norway): Andre Staalstrom, Kai Sorensen; Shirshov Institute 
of Oceanology (Russia): Oleg Podymov, Anna Kostyleva, Leonid Skibinskiy; 
Ben-Gurion University of the Negev (Israel): Alexey Kamyshny, Nadav 
Knossow for the help with analyses. 



Pakhomova et al. Geochemical Transactions 2014, 15:5 
http://www.geochemicaltransactions.eom/content/15/1/5 



Page 11 of 12 



Author details 

1 P.P.Shirshov Institute of Oceanology RAS, Nakhimovskii prosp. 36, Moscow 
1 17991, Russia. Norwegian Institute for Water Research (NIVA), Gaustadalleen 
21, Oslo 0349, Norway, department of Chemistry, University of Oslo, Sem 
Saelands vei 26, Oslo 0371, Norway. 

Received: 9 October 2013 Accepted: 9 April 2014 
Published: 28 April 2014 



References 

1 . Gruber N: Warming up, turning sour, losing breath: ocean biogeochemistry 
under global change. Phil Trans RoySoc Math Phys Eng Sci 201 1, 
369:1980-1996. 

2. Stramma L, Johnson GC, Sprintall J, Mohrholz V: Expanding oxygen-minimum 
zones in the tropical oceans. Science 2008, 320(5876):655-658. 

3. Rabouille C, Conley DJ, Dai M, Cai WJ, Chen CTA, Lansard B, Green R, Yin K, 
Harrison PJ, Dagg M, McKee B: Comparison of hypoxia among four 
river-dominated ocean margins: The Changjiang (Yangtze), Mississippi, 
Pearl, and Rhone rivers. Cont Shelf Res 2008, 28:1527-1537. 

4. Diaz RJ, Rosenberg R: Spreading dead zones and consequences for marine 
ecosystems. Science 2008, 321 :926-929. 

5. Friedrich J, Janssen F, Aleynik D, Bange HW, Boltacheva N, ^agatay MN, Dale 
AW, Etiope G, Erdem Z, Geraga M, Gilli A, Gomoiu MT, Hall POJ, Hansson D, 
He Y, Holtappels M, Kirf MK, Kononets M, Konovalov S, Lichtschlag A, 
Livingstone DM, Marinaro G, Mazlumyan S, Naeher S, North RP, 
Papatheodorou G, Pfannkuche 0, Prien R, Rehder G, Schubert CJ, et al: 
Investigating hypoxia in aquatic environments: diverse approaches to 
addressing a complex phenomenon. Biogeosciences Discussions 2013, 
10:12655-12772. 

6. Diaz RJ, Rosengerg R: Introduction to environmental and economic 
consequences of hypoxia. Int J Water Resour Dev 201 1, 27:71-82. 

7. Benoit JM, Gilmour CC, Heyes A, Mason RP, Miller CL: Geochemical and 
biological controls over methylmercury production and degradation in 
aquatic ecosystems. In Biogeochemistry of Environmentally Important Trace 
Elements. Edited by Cai Y, Braids OC. American Chemical Society: 
Washington, D. C; 2003:262-297. 

8. UNEP (United Nations Environment Programme): Global Mercury 
Assessment. UNEP Chemicals: Geneva, Switzerland; 2002. 

9. Bloom NS: On the chemical form of mercury in edible fish and marine 
invertebrate tissue. Can J Fish Aquat Sci 1992, 49:1010-1017. 

10. Sunderland EM: Mercury exposure from domestic and imported estuarine 
and marine fish in the US seafood market. Environ Health Persp 2007, 
115(2):235-242. 

11. Mergler D, Anderson HA, Chan LHM, Mahaffey KR, Murray M, Sakamoto M, 
Stern AH: Methylmercury exposure and health effects in humans: a 
worldwide concern. Ambio 2007, 36(1 ):3— 1 1. 

12. Hollwega TA, Gilmourb CC, Mason RP: Methylmercury production in 
sediments of Chesapeake Bay and the mid-Atlantic continental margin. 
MarChem 2009, 1 14:86-101. 

13. Mason RP, Fitzgerald WF, Hurley JP, Hanson AK Jr, Donaghay PL, Sieburth 
JM: Mercury biogeochemical cycling in a stratified estuary. Limnol 
Oceanogr 1993, 38:1227-1241. 

14. Tett P, Gilpin L, Svendsen H, Erlandsson CP, Larsson U, Kratzer S, Fouilland E, 
Janzen C, Lee JY, Grenz C, Newton A, Ferreira JG, Fernandes T, Scory S: 
Eutrophication and some European waters of restricted exchange. Cont 
Shelf Res 2003, 23:1635-1671. 

15. Magnusson J, Berge JA, Andersen T, Amundsen R, Berge JA, Bjerkeng B, 
Gjosaeter J, Holt TF, Hylland K, Johnsen T, Lomsland E, Paulsen 0: 
Overvaking av forurensning-situasjonen i indre Oslofjord 2003. 

In Report 0-21321 Norwegian Institute for Water Research (NIVA): Oslo; 2004. 

16. Richards FA: Anoxic basins and fjords. In Chemical Oceanography. Edited 
by Riley JP, Skirrow G. NY: 1. Academic Press; 1965:61 1-645. 

17. Skei JM: Framvaren - Environmental Setting. Mar Chem 1988, 23:209-218. 

18. Staalstrom A, Bjerkeng B, Yakushev E, Christie H: Water exchange and 
water quality in Hunnbunn - Evaluation of dredging in the 
Thalbergsund with regard to improved water quality. In Report 5874-2009. 
Norwegian Institute for Water Research (NIVA): Oslo; 2009. 

19. Johnsen TM, Daae KL, Yakushev E: Overvaking av hydrogensulfid i 
Saelenvatnet, Bergen kommune, 2010. In Report 5970-201 0. Norwegian 
Institute for Water Research (NIVA): Oslo; 2010. 



20. Murray JW, Codispoti LA, Friederich GE: Oxidation-reduction environments. 
The suboxic zone in the Black Sea. In Aquatic Chemistry: Interfacial and 
Interspecies Processes. ACS Advances in Chemistry Series, Volume 244. Edited by 
Huang CP, O'Melia CR, Morgan JJ. Washington, D. C: 1995:157-176. 

21. Yakushev EV, Chasovnikov VK, Debolskaya El, Egorov AV, Makkaveev PN, 
Pakhomova SV, Podymov Ol, Yakubenko VG: The northeastern Black Sea 
redox zone: hydrochemical structure and its temporal variability. Deep 
Sea Res II 2006, 53:1764-1786. 

22. Pakhomova SV: Dissolved iron and manganese species in water column, 
sediments and at water-sediment interface. In Ph.D. Thesis. Moscow: P.P. 
Shirshov Institute of Oceanology; 2005. In Russian. 

23. Pakhomova SV, Rozanov AG, Yakushev EV: Dissolved and particulate forms 
of iron and manganese in the redox-layer of the Black Sea. Oceanology 

2009, 49:773-787. 

24. Pakhomova SV, Yakushev EV: On the role of iron and manganese species in 
the formation of the redox-interface structure in the Black Sea, Baltic Sea 
and Oslo Fjord. In Chemical Structure of Pelagic Redox Interfaces: Observation 
and Modeling, The Handbook of Environmental Chemistry, Volume 22. Edited by 
Yakushev EV. Springer-Verlag: Berlin Heidelberg; 2013:67-94. 

25. Yakushev E, Pakhomova S, Sorensen K, Skei J: Importance of the different 
manganese species in the formation of water column redox zones: 
observations and modelling. Mar Chem 2009, 1 17:59-70. 

26. Strom TE, Klaveness D: Hunnebotn: a seawater basin transformed by natural 
and anthropogenic processes. Estuar Coast Shelf Sci 2003, 56:1 177-1 185. 

27. Volkov II, Kontar EA, Lukashev Yu F, Neretin LN, Niffeler F, Rozanov AG: The upper 
boundary of hydrogen sulfide and redox nefeloid layer in water of the 
Caucasian slope in the Black sea. Geophys J RoyAstron Soc 1997, 7:540-550. 

28. Bashturk O, Volkov II, Gekman S, Gungor H, Romanov AS, Yakushev EV: 
International expedition on R/V Bilim in July 1997 in the Black sea. 
Oceanology 1998, 38:473-476. 

29. Jost G, Clement B, Pakhomova SV, Yakushev EV: Field studies of anoxic 
conditions in the Baltic Sea during the cruise of R/V professor Albrecht 
Penck in July 2006. Oceanology 2007, 47:590-593. 

30. Lamborg CH, Yigiterhan O, Fitzgerald WF, Balcom PH, Hammerschmidt CR, 
Murray J: Vertical distribution of mercury species at two sites in the 
Western Black Sea. Mar Chem 2008, 1 1 1:77-89. 

31. Bratkic A, Ogrinc N, Kotnik J, Faganeli J, Zagar D, Yano S, Tada A, Horvat M: 
Mercury speciation driven by seasonal changes in a contaminated 
estuarine environment. Environ Res 2013, 125:171-178. 

32. Hammerschmidt CR, Bowman KL: Vertical methylmercury distribution in 
the subtropical North Pacific Ocean. Mar Chem 2012, 132:77-82. 

33. Conaway CH, Squire S, Mason RP, Flegal AR: Mercury speciation in the San 
Fransisco Bay estuary. Mar Chem 2003, 80:199-225. 

34. Hammerschmidt CR, Fitzgerald WF: Geochemical controls on the 
production and distribution of methylmercury in near-shore marine 
sediments. Environ Sci Technol 2004, 38:1487-1495. 

35. Sunderland EM, Amirbahman A, Burgess NM, Dalziel J, Harding G, Jones SH, 
Kamai E, Karagas MR, Shi X, Chen CY: Mercury sources and fate in the Gulf 
of Maine. Environ Res 201 2, 1 1 9:27-41 . 

36. Acquavita A, Emili A, Covelli S, Fageneli J, Predonzani S, Koron N, Carrasco L: 
The effects of resuspension on the fate of Hg in contaminated 
sediments (Marano and Grado Lagoon, Italy): short-term simulation 
experiments. Estuar Coast Shelf Sci 201 2, 1 1 3:32-40. 

37. Emili A, Koron N, Covelli S, Faganeli J, Acquavita A, Predonzani S, De Vittor 
C: Does anoxia affect mercury cycling at the sediment-water interface in 
the Gulf of Trieste (northern Adriatic Sea)? Incubation experiments using 
benthic flux chambers. Appl Geochem 201 1, 26:194-204. 

38. Delongchamp TM, Ridal JJ, Lean DRS, Poissant L, Blais JM: Mercury 
transport between sediments and the overlying water of the St. 
Lawrence River area of concern near Cornwall, Ontario. Environ Pollut 

2010, 158:1487-1493. 

39. Almroth E, Tengberg A, Andersson JH, Pakhomova S, Hall POJ: Effects of 
resuspension on benthic fluxes of oxygen, nutrients, dissolved inorganic 
carbon, iron and manganese in the Gulf of Finland, Baltic Sea. Cont Shelf 
Res 2009, 29:807-818. 

40. Tebo BM: Manganese(ll) oxidation in the suboxic zone of the Black Sea. 
Deep Sea Res I1 1991, 38:S883-S905. 

41. Yakushev EV, Kuznetsov IS, Podymov Ol, Burchard H, Neumann T, Pollehne 
F: Modeling of influence of oxygenated inflows on biogeochemical 
structure of the Gotland Sea, central Baltic Sea: changes in distribution 
of manganese. Comput Geosci 201 1, 37:398-409. 



Pakhomova et al. Geochemical Transactions 2014, 15:5 
http://www.geochemicaltransactions.eom/content/15/1/5 



Page 12 of 12 



42. Grashoff K, Kremling K, Ehrhard M: Methods of Seawater Analysis. 3 
completely revised and extendedth edition. NewYork, Chichester, Brisbane, 
Singapore, Toronto: Wiley - VCH, Weinheim; 1999. 

43. Kononets MY, Pakhomova SV, Rozanov AG, Proskurnin MA: Determination 
of soluble iron species in seawater using ferrozine. J Anal Chem 2002, 
57:704-708. 

44. Braaten HFV, de Wit HA, Harman C, Hagestrom U, Larssen T: Effects of 
sample preservation and storage on mercury speciation in natural 
stream water. Int J Environ Anal Chem 2014, 94:381-384. 

45. USEPA (United States Environmental Protection Agency): Method 1630; 
Methylmercury in Water by Distillation, Aqueous Ethylation, Purge and 
Trap, and Cold Vapor Atomic Fluorescence Spectrometry. In US 
Environmental Protection Agency - Office of Water. Edited by Telliard WA; 1 998. 

46. USEPA (United States Environmental Protection Agency): Method 1631; 
Revision E: Mercury in Water by Oxidation, Purge and Trap, and Cold 
Vapor Atomic Fluorescence Spectrometry. In US Environmental Protection 
Agency - Office of Water. Edited by Telliard WA. 2002. 



doi:1 0.1 186/1467-4866-15-5 

Cite this article as: Pakhomova et al:. Biogeochemical consequences of 
an oxygenated intrusion into an anoxic fjord. Geochemical Transactions 
2014 15:5. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit momea central 



